ABSTRACT: The flexibility of three MIL-47(V)-type materials (MIL-47, COMOC-2, and COMOC-3) has been explored by constructing the pressure versus volume and free energy versus volume profiles at various temperatures ranging from 100 to 400 K. This is done with first-principles-based force fields using the recently proposed QuickFF parametrization protocol. Specific terms were added for the materials at hand to describe the asymmetry of the one-dimensional vanadiumoxide chain and to account for the flexibility of the organic linkers. The force fields are used in a series of molecular dynamics simulations at fixed volumes but varying unit cell shapes. The three materials show a distinct pressure−volume behavior, which underlines the ability to tune the mechanical properties by varying the linkers toward different applications such as nanosprings, dampers, and shock absorbers.
INTRODUCTION
Metal−organic frameworks (MOFs) are a class of nanoporous, crystalline materials consisting of inorganic moieties connected through organic linkers. 1−3 Their diversity in chemical and physical properties, combined with the possibility to rationally design and synthesize them, makes MOFs an attractive field of research with many potential applications. 4−7 An intriguing subclass of MOFs are those that display a large structural flexibility induced by various stimuli (temperature, pressure, guests, etc.), the so-called flexible or stimuli-responsive MOFs. 7−13 Because an increasing number of MOFs are synthesized for the first time each year, 14 and an even larger number of them have also been hypothesized, 15 the true challenge consists of identifying materials for specific applications. In this respect, molecular simulations can play a very important role 16−19 in characterizing materials, understanding certain phenonema, and guiding the development of diverse applications. Although accurate first-principles calculations on MOFs are becoming more and more feasible, 18, 20 in many cases one is interested in time and length scales only accessible with molecular mechanics, i.e., force fields, and not with computationally more expensive electronic structure methods such as density functional theory (DFT). Nonetheless, the disadvantage of using force fields is that they need to be derived and parametrized properly, which is a nontrivial task that is typically accomplished using experimental and/or theoretical input. If the target is the study of stimuli-responsive MOFs, one has to construct a flexible force field, allowing the framework atoms to move, to describe the envisaged structural transformation. To date, several procedures for the construction of flexible force fields for MOFs have been proposed in the literature. 21−24 However, as recently pointed out by Coudert and Fuchs in a comprehensive review, 19 there is a need for the systematic development of accurate force fields for stimuliresponsive MOFs. Despite various successful force field studies of stimuli-responsive MOFs (see e.g. refs 25−33) , an easy way to obtain these force fields did not exist until recently. A variety of studies is available where generic force fields such as UFF 34 (or UFF4MOF 22 ), CVFF, 35 and GAFF 36 are used, which are slightly modified for the given purpose. They all succeed in reproducing qualitatively well the expected behavior, or at least give insight in the mechanism, but some features that are inherent to the material require more specific nongeneric force fields. A procedure, hereafter called QuickFF, to generate these force fields was only recently proposed by some of the presenting authors. 24 In this work, we apply and extend QuickFF and show that it is possible to study the flexibility of guest-free MIL-47-type materials.
The metal−organic framework MIL-47(V IV ) (MIL, materials of Institut Lavoisier) was synthesized for the first time in 2002 by Barthelet et al. 37 of the Feŕey group and was originally considered to be rigid under mild working conditions. The structure exhibits a framework pattern similar to that of the MIL-53 series, consisting of one-dimensional (1D) diamondshaped straight channels with a free diameter of about 8 Å and forming infinite chains of corner-sharing V IV O 6 octahedra connected by 1,4-benzenedicarboxylate (BDC) linkers. The most striking difference with the MIL-53 series is the oxidation number of the metal. While in MIL-53 all metals have oxidation number +III, the vanadium metal in MIL-47 has an oxidation number +IV. Direct results are the appearance of an O−VO vanadium-oxide chain, without hydrogens on the bridging oxygens, and asymmetric V−O bond distances. Another difference with the MIL-53 framework is the displaced vanadium chains visible in single-crystal X-ray diffraction. 37, 38 While MIL-47(V IV ) receives the most attention in the literature, other vanadium MOFs have been synthesized and were summarized in a recent review by Van Der Voort et al. 39 In this work, two variants of MIL-47(V IV ), COMOC-2(V IV ) 40 and COMOC-3 (V   IV   ) , 41 will also be studied (COMOC, Center for Ordered Materials, Organometallics and Catalysis, Ghent University). These MOFs are the vanadium equivalent of the DUT-5 and DUT-4 42 topologies (DUT, Dresden University of Technology), which were constructed by Senkovska et al. 42 with aluminum-oxide chains. Both frameworks have asymmetric vanadium-oxide chains connected with 4,4′-biphenyldicarboxylate (BPDC) linkers for COMOC-2 and 2,6-naphtalenedicarboxylate (NDC) linkers for COMOC-3 (see Figure 1 ). In a synthesis protocol, typically the inorganic moieties are formed in situ, while the organic linkers are preformed, and recent advances in synthesis have made it possible to focus on linker design. 43 By replacing the linker in MIL-47 with other ditopic carboxylate linkers, a different flexibility behavior can be obtained, which is also observed in our simulations. On the one hand, COMOC-2 is considered to be a bistable MOF because it displays breathing toward certain guest molecules 40, 44, 45 in contrast to DUT-5, its rigid Al analogue. 42 This peculiar trend is the opposite of the adsorption behavior of MIL-47 as compared to MIL-53(Al), i.e., its flexible Al analogue. It was also observed that the presence of V III compared to a pure COMOC-2(V IV ) increases the rigidity, again in contrast to MIL-47. 46 Moreover, the COMOC-2(V IV ) sample is a mixture of a large-pore (lp) and narrow-pore (np) phase, 40 which could indicate that both phases are minima of the free energy surface, similar to the intrinsic bistability of MIL-53(Al) at certain temperatures. 47, 48 This was confirmed with periodic DFT calculations by Liu et al., 40 and the authors even obtained a third hypothetical, overstretched np phase. On the other hand, guest-free COMOC-3 has a good chemical and thermal stability and is considered to be nonporous, as observed by N 2 sorption measurements. 41 It remains in the np state upon removal of water molecules. 41 In general there is only a limited number of studies available on mechanical properties of MOFs. 49−52 However, the firstprinciples full elastic tensor has been calculated and discussed for MIL-47 20, 50, 53 and its NH 2 substituted variant, 54 as well as the influence of the spin configuration on the bulk modulus. 55 Related to these mechanical properties are some high-end applications in the field of mechanical energy storage. MOFs that undergo structural transitions under pressure are especially interesting. 29,56−61 One typically distinguishes three different classes of MOFs depending on the amount of dissipated mechanical energy in the compression−decompression cycle: a nanospring (no dissipation, i.e., no hysteresis), a damper (partial dissipation, i.e., reversible transformation with hysteresis), and a shock absorber (total dissipation, i.e., irreversible transformation). In this context, the adjective "reversible" means that the system (i.e., MOF) can be reversed to its initial condition. In the context of thermodynamics, a process exhibiting hysteresis is always irreversible, which in this case is due to the fact that the environment cannot return to its initial condition. Only recently, Yot et al. 29 proved with mercury porosimetry measurements that MIL-47 is in fact a stimuli-responsive MOF, displaying a structural transformation under a large mechanical pressure. This so-called pressureinduced breathing is associated with a volume reduction of approximately 38% going from a lp state to a np state. Very similar experimental results were obtained by Rodriguez et al. 61 with a silicon oil pressure medium. The transition is reversible with hysteresis, making MIL-47 a candidate for damper applications, although more recently A520 or MIL-53(Al)-FA was identified to be a better choice because of a higher amount of energy absorbed per unit of mass. 60 Different thermodynamic studies have been devoted to the construction of free energy profiles and phase diagrams in terms of guest−host interactions for the MIL series. 62−69 However, free energy profiles of the guest-free frameworks have only seldomly been studied 67, 69, 70 and are completely absent for MIL-47 or MIL-47-type materials. In this work, we also aim to fill this gap, using a recently proposed procedure by Rogge et al., 70 which was applied to both rigid and flexible MOFs. This method consists of extracting the averaged pressure at each volume by performing independent molecular dynamics (MD) simulations at different volume points on a grid in a new ensemble, the (N,V,σ a =0,T) ensemble. The free energy profile as a function of the volume can then be obtained via thermodynamic integration. 72 The strong similarities between MIL-53 and MIL-47 suggest analogous cluster models for the inorganic part and organic linker, but the presence of asymmetric V−O bonds along the vanadium-oxide chain demands some crucial interventions in the description of the V−O bond. This asymmetric pattern is forced by terminating only one side of the vanadium-oxide chain with an oxygen atom (see Figure 2 ). In this way, an alternating short and long bond is obtained, identical to the periodic structure. The other oxygens of the octahedral coordination environment of the outermost vanadium atoms are capped with an acetylacetone molecule instead of hydrogens. The final cluster models have a neutral charge and are shown in Figure 2 . They are optimized with a maximum spin of 2 (four vanadium atoms with one unpaired delectron), as this yields the most reliable single-determinant description. 
The covalent interactions include harmonic bonds (bond), harmonic bends (bend), harmonic out-of-plane distances (oopd), and cosine dihedrals (torsion). All unknown parameters related to these expressions are estimated with QuickFF. The electrostatic interactions are modeled with a Coulombic potential between Gaussian charge distributions, and all interactions are included; that is, there are no exclusion rules. The atomic charges are derived from the DFT electron density of each model system via the MBIS procedure, a new iterative variant of the Hirshfeld atom-in-molecules (AIM) scheme. 73 The radii of the Gaussian charge distributions are determined with the method proposed by Chen and Martı́nez. 74 The MM3-Buckingham potential 75 is used to describe the van der Waals interactions. The two parameters σ ij and ϵ ij are the equilibrium distance and the energy parameter of the potential, respectively, and are determined with empirical mixing rules for the interaction between atom i and atom j:
The interactions between the 1−2 and 1−3 bonded pairs are excluded following the MM3 rules, together with the 1−4 interactions as they were found to be too repulsive in the inorganic part of the MOFs under study, causing discrepancies in the reproduction of the correct unit cell shape. A possible reason is that the MM3 parameters have been fitted in environments that are not as dense as in the inorganic bricks encountered in MOFs. To compensate for this deficiency, slight modifications of the exclusion rule and the parameter values (section 4.2) are justified. Therefore, we define two uniform scaling parameters s σ and s ϵ to slightly modify the values from the literature. The atomic ϵ i and σ i parameters are taken from refs 75 and 76. This part is added to the force field after the QuickFF procedure has been applied, as it is assumed that these contributions are not present in the DFT calculations on the building blocks. This is indeed the case here, as an exchange− correlation functional has been employed that includes only Pauli repulsion but no long-range dispersion interactions (vide infra).
The force field atom types used in the structure are indicated on the core region of the model systems (see Figure 2) . The difference between the force fields for MIL-47, COMOC-2, and COMOC-3 are thus the parameters related to the organic linker. Hence, the force field parameters extracted from the inorganic model system remain unaffected, comparable to synthesizing a MOF by combining the same inorganic salt with different carboxylic acids. Two different, alternating atom types (O 1 and O 2 ) are assigned to the oxygens in the organic linkers, and both have different force field parameters. This is found to be necessary to accurately model the asymmetry arising because of the strong and weak bonds along the vanadium-oxide chain.
The force field parameters of the atoms inside the core region are transferred following the approach in ref 72 . An overview of all force field parameters is provided in the Supporting Information.
2.1.3. Extending QuickFF with MOF-Specific Force Field Terms. Some unique molecular environments in MOFs require more specific analytical expressions to adequately model all structural features. The MIL-47-type materials are typical examples where this is necessary because of the presence of the vanadium-oxide chain. The standard QuickFF protocol has been designed to give a first reasonable force field, but it can easily be modified with specific terms as illustrated hereafter.
The asymmetric 1D vanadium-oxide chain in MIL-47 cannot be described with a harmonic potential term, which has only one minimum, because the V−O bond clearly has two distinct minima (see also Figure 3 ). To reproduce this pattern with a force field, the V−O bond term is represented by a double-well potential with minima corresponding with the two equilibrium distances. Both a short (strong) and a long (weak) V−O bond are included in the core region of the inorganic model system (see Figure 2) , and both bonds are approximated separately with a harmonic term in the QuickFF fitting procedure. This results in the corresponding force constants and rest values, which are used as input data to construct the double-well potential, satisfying the following conditions:
1. The potential energy has local minima both at the short (r 1 ) and long (r 2 ) bond distances. 2. The second-order derivative of the potential energy with respect to the bond distance in r 1 and r 2 corresponds with the determined force constants. It is found via QuickFF that the weak bond has a zero force constant. The lowest-order polynomial approximation satisfying these conditions is given by with K the curvature of the strong bond. Together with the double-well potential, two Urey−Bradley terms were added for the O−VO and V−OV bonds along the asymmetric chain only to avoid overfitting. These terms can be interpreted as constraints such that the structure has an alternating short− long pattern of V−O bonds. A Urey−Bradley term is a term accounting for angle bending and is modeled via a harmonic bond between 1−3 neighbors:
The Urey−Bradley force constants, K, and rest values, r 0 , can be derived with QuickFF by adding V−V and O−O bonds in the initial topology. In Figure 3 , an overview of all covalent force field terms describing the inorganic chain is given. A second case where the basic covalent terms are not sufficient is in the construction of an accurate force field for COMOC-2. A simple cosine term cannot correctly describe the dihedral motion of the C 2 −C 3 −C 3 −C 2 pattern of the BPDC linker. It is not possible to obtain energy minima at ±ϕ 0 and ±(π − ϕ 0 ) with a cosine with period
with ϕ 0 taken from the DFT optimized geometry, which here is 38.225°. The advantage of QuickFF is that such terms can easily be added in the force constant refinement step of the fitting procedure. 24 2.2. Characterization via (N,V,σ a =0,T) MD Simulations. The volume, V, is chosen as the collective variable to study the structural flexibility of the MIL-47-type materials. Obtaining the free energy, F, as a function of the volume enables us to clearly quantify the relative stability of the np and lp states at a certain temperature T, because both phases have a well-separated volume. The F(V) curve can be obtained via thermodynamic integration according to the scheme recently proposed by Rogge et al. 70 There, the (N,V,σ a =0,T) ensemble was introduced, in which the cell shape and instantaneous isotropic pressure can fluctuate freely, while the volume is kept fixed and the anisotropic contribution σ a to the stress tensor is controlled by a barostat during the MD simulation. The ensembleaveraged isotropic pressure ⟨P⟩ is extracted from such a simulation, making it possible to construct the P(V) profile by repeating the simulations at different volumes. These data are then fitted with a polynomial. 70 A volume grid spacing of 5 Å 3 is considered, and the initial structures for each volume are obtained by selecting different snapshots from a (N,P,σ a =0,T) MD simulation. Furthermore, from the P(V) curve, the bulk modulus of the equilibrium structure can be determined with the following relation:
Moreover, some features from the fitted curve can be compared directly to the available experimental and theoretical data for MIL-47. This will be used as a validation of the first-principles derived force field. It is also possible to study the influence of temperature on the relative phase stability and on mechanical properties, such as the bulk modulus, by generating these profiles at various temperatures.
COMPUTATIONAL DETAILS
The model systems for the building blocks of MIL-47, COMOC-2, and COMOC-3 are constructed with Zeobuilder. 77 VMD 78 was used to visualize the structures. The DFT calculations on these systems are performed with Gaussian 09 79 using the B3LYP exchange−correlation functional 80−83 and the 6-311G(d,p) basis set.
84−87 The model systems have a neutral charge and spin 2 (one d-electron on four vanadium atoms). The covalent force field parameters are generated with QuickFF, 24 and the atomic charges are derived according to The Journal of Physical Chemistry C Article the MBIS partitioning scheme as implemented in Horton. 73 All force field calculations are carried out with Yaff 88 using a supercell consisting of two unit cells along the lattice direction b (see Figure 1) . The long-range interactions are computed as follows: an Ewald summation with a real-space cutoff of 15 Å, an α of 0.213 Å −1
, and a reciprocal space cutoff k max of 0.320 Å −1 for the electrostatic interactions and a smooth cutoff at 15 Å for the van der Waals interactions. Normal mode analysis is performed with TAMkin. 89 A Verlet time step of 0.5 fs is used in all (N,P,σ a =0,T) and (N,V,σ a =0,T) MD simulations. The temperature is controlled with a Nose−Hoover chain thermostat 90−92 containing three beads with a relaxation time of 0.1 ps, while the pressure is controlled with a Martyna−Tuckerman− Tobias−Klein barostat 93, 94 using a relaxation time of 1 ps. These choices were found to be suitable for the isostructural MIL-53(Al) by Rogge et al. 70 A 100 ps equilibration time was taken into account, followed by a 500 ps production run for the (N,V,σ a =0,T) MD simulations.
FORCE FIELD VALIDATION
4.1. Geometry Optimization of MIL-47. To validate the force fields, we mainly concentrate on MIL-47, because this is the most studied structure and sufficient reference data are available for comparison. Some important structural features at 0 K, obtained with geometry optimizations of the periodic structure using the force field, are tabulated in Table 1 and compared with the cluster models and published periodic DFT calculations. 38 Bogaerts et al. 38 presented an efficient methodology to directly compare theoretically predicted geometries for crystalline materials to experimental X-ray diffractograms. MIL-47 was chosen as a case study, and is in this context highly relevant in this discussion. Periodic DFT calculations (PBE +D3 95−97 ) on MIL-47 reveal that the most stable structure corresponds with a displaced chain structure and an antiferromagnetic spin configuration (AFM). Its counterpart with a ferromagnetic spin configuration (FM) is almost 30 kJ· mol −1 per unit cell higher in energy, but the resulting diffraction pattern agrees best with the experimental pattern. 38 A preliminary version of the MIL-47 force field has already been used in the work of Bogaerts et al., but no structural force field terms were considered to account for the displacement of the atoms in the vanadium chain. The diffractograms produced by this force field do not show the peaks arising from the shifted chains, as could be expected, and show large similarities with those obtained from first-principles without displaced vanadium chains. The force field constructed in this work contains additional terms to better describe this displacement of the vanadium atoms. Notice that the DFT cluster calculations used for the parametrization of the force field parameters systematically used parallel spins for the V atoms and thus best resemble the ferromagnetic spin configuration.
A first-principles parametrized force field should at least reproduce the DFT-optimized model systems from which it is derived. The force field optimized structure without van der Waals contributions should be compared with the DFT cluster models employed in the fitting of the force field parameters to assess the performance of the covalent force field parameters generated with QuickFF. As shown in Table 1 , a good agreement is observed, indicating that the QuickFF parameters are indeed satisfactory to describe the covalent interactions.
The same conclusion can be drawn from Table 1 by comparing the periodic DFT calculations 38 (with inclusion of dispersion corrections) with our periodic force field result, including van der Waals interactions. The main discrepancy is the overestimation of the V−V bond distance and the increased asymmetry along the vanadium chain (strong bond is shorter and weak bond is longer than expected). This is a consequence of the DFT inorganic cluster model, which also displays this asymmetry, and can to a large extent be ascribed to the usage of a finite model system. However, the long and short V−O distances of the cluster model are still within the experimental range of typical vanadium−oxygen bonds (VO, 1.55−1.75 Å; V−O, 2.1−2.6 Å). 98 Other differences with the periodic DFT result are the O 1 −V−O 1 and O 2 −V−O 2 bend angles, which define the pore opening angle θ (see Figure 1) . However, as will be shown in section 4.3, the potential energy surface is very flat along these coordinates. Globally, we can conclude that the cluster model captures the most important features of the periodic framework, and the force field optimized structure follows this trend. Additionally a comparison may be made with the experimental structure. For that reason, MD simulations in the (N,P, σ a =0,T) ensemble were carried out at 300 K and 1 bar (see Table S2 ).
4.2. Pressure-Induced Breathing of MIL-47. Overall, one can conclude from the previous section that the force field is able to correctly model the microscopic MIL-47 structure. One of the main objectives of the force field is to accurately predict the flexibility features of the material, i.e., the macroscopic pressure-induced breathing. To that end, simulations are performed in the (N,V,σ a =0,T) ensemble at 300 K following the scheme outlined in Methodology. The transition pressures from the lp to the np states and vice versa are important properties describing this behavior. The lp-to-np transition pressure is defined as the maximum pressure that can be applied to the material before it transforms to the np phase and is given by the local maximum of the P(V) curve between the lp and np volume. Similarly, the np-to-lp transition pressure is the minimum pressure to which the applied pressure can be lowered before the np structure opens to the lp state. It is given by the local minimum pressure between the np and lp volume (see Figure 4) . In Table 2 , the transition pressures observed in this work are compared to pressure ranges reported in the literature. The experimentally observed broad range of transition pressures was ascribed by Yot et al. 29 to the presence of crystallites with a wide distribution of sizes, each with a different critical stress to initiate the structural transformation. Various possible magnetic configurations of MIL-47 lead to the DFT range of transition pressures 55 in Table 2 . They were obtained by constructing energy−volume profiles through periodic DFT calculations at different spin configurations.
Initial simulations revealed that the original MM3 values of the atomic van der Waals parameters should be slightly modified to obtain transition pressures similar to the experimental values. Two uniform scaling parameters are used: (1) s ϵ = 0.92, the uniform scaling factor for the ϵ i ; (2) s σ = 1.14, the uniform scaling of the σ i . The same scaling factors will be consistently applied to the other MIL-47-type materials. Pressure−volume profiles of MIL-47 at different scaling parameters are provided in the Supporting Information to illustrate the sensitivity ( Figure S4) . A similar rescaling was found to be necessary for the MIL-53(Al) force field by Vanduyfhuys et al. 72 to reproduce the first-principles relative stability of the np and lp phases. With our values, the lp-to-np transition pressure is 125 MPa at 300 K, while the np-to-lp transition pressure amounts to 56 MPa at 300 K, coinciding with the results by Yot et al. 29 The simulated volume decrease
The Journal of Physical Chemistry C Article ΔV/V lp of 33%, as indicated in Figure 4 , is in agreement with the experimentally reported 38%. Another experimental finding was the continuously decreasing volume of the np phase, instead of collapsing under higher pressure, which can be seen in the upper panel of Figure 4 . Via X-ray diffraction, Yot et al. found a np volume of 947 Å 3 when applying a pressure of 178.1 MPa. Using the (N,P,σ a =0,T) ensemble, our force field predicts 1019(35) Å 3 at the same pressure and temperature. From the results presented in this section, it can be concluded that the force field is able to correctly mimic the pressure-induced flexibility of MIL-47.
4.3. Lattice Parameters of MIL-47, COMOC-2, and COMOC-3. A final test for the force field is the prediction of the lattice parameters. This is done for MIL-47, COMOC-2, and COMOC-3, for which experimental data are available. The definitions of the pore opening angle θ and the interdiagonal distance D, together with the a, b and c directions of the unit cell, are illustrated in Figure 1 .
4.3.1. MIL-47. The lattice parameters predicted via periodic force field calculations (geometry optimization at 0 K) are compared with the experimental (at room temperature) and DFT values (at 0 K) in Table 3 . The most important difference is the underestimation of the pore opening angle θ. The lattice parameter a is overestimated, while c is underestimated, and this is directly correlated to θ. The overestimation of b can be ascribed to the finite model system. However, the position of the minimum at 0 K is very sensitive to the precise parametrization of both the covalent and the van der Waals contributions, as the potential energy surface is very flat along the pore opening angle. In Figure 5 , the outcome of a constrained potential energy scan at 0 K in the neighborhood of the lp minimum is shown, indicating energy differences of less than 2 kJ·mol −1 per unit cell between the pore opening angle of the force field equilibrium on the one hand and the experimental or DFT structures on the other hand. The lattice parameters corresponding with this structure are also indicated in Table 3 . Given such flat potential energy surface, it is very difficult to exactly match experimental data with theoretical methods. In general, optimizations of flexible structures with theoretical methods pose a huge challenge, as was recently shown by some of the presenting authors. 20 The symmetry breaking due to the displacement of the vanadium atoms perpendicular to the chain axis results in a lower energy ( Figure S1 ). The structure without displacement, however, is also a stable minimum according to periodic DFT calculations. 38 Both geometries are minima on the force field potential energy surface as confirmed by means of a normalmode analysis. The displaced chain is approximately 20 kJ· mol −1 per unit cell more stable, and all our simulations are performed in this configuration. Recall that without addition of 
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a The experimental structure at room temperature by Barthelet et al. 37 is also given. b Geometry optimization with fixed pore opening angle θ at 81.6°.
The Journal of Physical Chemistry C Article the Urey−Bradley terms, the second minimum with displaced chains was not found. 38 Note that for MIL-47 only a stable lp phase is reported at ambient conditions. With theoretical calculations both from DFT and from force field simulations it is possible to find a local minimum at the np phase on the potential energy surface at 0 K. Structural parameters are taken up in the Supporting Information but not explicitly compared here because of the lack of experimental data.
COMOC-2.
Highly accurate structural information on the empty COMOC-2 at low temperatures is not available. However, for COMOC-2, two structures, a lp and a np phase, were reported experimentally. 40, 44, 45 Their geometric characteristics are given in Table 4 . The np phase was found to be of monoclinic symmetry, whereas the lp corresponds to an orthorhombic unit cell. The results at 233 K were extracted by Liu et al. 40 from synchrotron XRD patterns under a certain CO 2 pressure, which hinders a direct comparison with our empty framework. They also reported a pure lp phase at 293 K. However, this structure was poorly reproducible because of the extreme synthesis procedure and with a small amount of remaining free linkers inside the pores, such that also here one should be careful with interpreting the results. Furthermore, the theoretical results reported in ref 40 stem from periodic DFT calculations on COMOC-2 at the PBE+D2 level 95 ,100 using only a single k-point approach. It was recently shown by Vanpoucke et al. 20 that for flexible materials more k-points should be used; thus, the values from ref 40 should be regarded with caution. The computational lattice parameters obtained by Liu et al. are also given in Table 4 . It should be mentioned that Liu et al. did not report the case of displaced vanadium chains, similar to MIL-47, while this effect was taken into account in our simulations.
Our estimate for the lp phase reproduces the experimental and theoretical structures quite well. Similar features are observed as for the MIL-47 material with an underestimation of the pore opening angle. In contrast, the experimentally observed np volume is substantially larger than the DFT and force field predictions. The force field result is in agreement with the DFT-predicted orthorhombic shape of the np phase, which could indicate that the presence of guest molecules lies at the origin of the experimentally observed transformation to the monoclinic structure.
Liu et al. also determined the energy difference between the lp and np states at 0 K and found a value of approximately 20 kJ·mol −1 per unit cell at the PBE+D2 level, which agrees relatively well with the 26 kJ·mol −1 per unit cell resulting from our force field simulations. The theoretically hypothesized socalled overstretched np phase with a pore opening angle of 147.5°is also detected with our force field. However, this phase is more than 100 kJ·mol −1 per unit cell less stable than the regular np state, which could explain why it has not been observed experimentally. Henceforth, we will thus discard the existence of this additional phase configuration.
4.3.3. COMOC-3. COMOC-3 is a nonporous metal−organic framework; that is, it remains in a np state (see Figure 1) . Structural information is available only on COMOC-3(as) or V(OH) (NDC)·H 2 O, 41 which is tabulated in Table 5 . A periodic force field geometry optimization correctly leads to a np phase with an opening angle of 37°and a γ angle of 104°.
Summarizing, we may conclude that our force fields succeed in reproducing the essential characteristics of MIL-47-type materials. Geometrically, some bond distances and lattice parameters are overestimated or underestimated, which can mostly be ascribed to the finite cluster models used for the construction of the ab initio input data. However, the required asymmetry of the O−VO chain is included, which allows the generation of subtle differences such as the structure with the displaced vanadium chains. The pressure-induced breathing for the MIL-47 is reproduced, which forms a solid basis to characterize the flexibility of the other materials, COMOC-2 and COMOC-3, under study. 37 and Bogaerts et al. 38 are indicated. The unit cell parameters at the minima and under the constraint of the experimental pore-opening angle are also given. ), but with a small amount of remaining free linkers.
b The experimental lp phase at 233 K corresponds to a structure under 15 bar of CO 2 , while the experimental np phase at 233 K corresponds to a structure under 7.5 bar of CO 2 .
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STRUCTURAL FLEXIBILITY IN MIL-47-TYPE
MATERIALS Simulations in the (N,V,σ a =0,T) ensemble were carried out with the force fields validated in the previous section. In this section we discuss the pressure versus volume and free energy versus volume profiles constructed for all three materials (see Figure 6 ). The simulations are carried out at various temperatures to investigate the influence of the temperature on derived characteristics such as the transition pressure and the bulk modulus. To the best of our knowledge such temperature behavior of the mechanical properties has not been studied before. These results are summarized in Figure 7 .
The influence of the temperature on the P(V) and F(V) profiles is displayed in Figure 6 . It is immediately clear that the temperature strongly affects the np−lp transition pressure, which varies in MIL-47 almost linearly between 9 and 77 MPa in the temperature range of 100−400 K, while the reverse transition pressure does not seem to change substantially. This indicates that the hysteresis in the P(V) curve decreases with increasing temperature. Analogously, it can be observed for the F(V) curves that the free energy at low volumes increases with respect to the lp minimum with increasing temperatures. There is no np minimum at finite temperatures because no stable zero-pressure state is found at low volumes. Also, the negative thermal expansion (NTE) of the lp phase of MIL-47 can be seen in Figure 7 . Indeed, the equilibrium volume, i.e., at zero external pressure, shifts toward smaller volumes with increasing temperature, in agreement with the experimental findings by The Journal of Physical Chemistry C Article Nanthamathee. 101 An experimental volumetric thermal expansion coefficient, β V , of −1.2 × 10 −5 K −1 was found by fitting the experimental V(T) data in the temperature range of 12− 290 K 101 to
Applying this procedure on our results reveals a simulated value of −1.6 × 10 −5 K −1 for MIL-47 in the temperature range of 100−400 K, which is in good agreement with the experimental result.
The shape of the P(V) curve of COMOC-2 is shown in the middle pane of Figure 6 , but the most crucial difference with MIL-47 is the range of the transition pressures. The lp-to-np transition pressure varies between 35−48 MPa depending on the temperature. The np-to-lp transition pressure even displays a larger range from −159 MPa to −78 MPa. A negative pressure should be interpreted as an isotropic pulling effect on the material. The transition pressures corresponding with the structural transformations have not been directly measured via experiment. However, Couck et al. 44, 45 applied a thermodynamic model (OFAST, developed by Coudert et al. 62, 63 ) to analyze their experimental data, consisting of adsorption and desorption isotherms of light hydrocarbons (C1, C2, and C3). This thermodynamic analysis enables the extraction of free energy differences between the empty host in the lp and the empty host in the np form (ΔF = F lp − F np ). Values of about 40 kJ·mol −1 are found for temperatures around 300 K. It is an indication that the np phase is much more stable than the lp phase at room temperature, which is not in full agreement with our simulations. Moreover, Liu et al. 40 describe their COMOC-2(V IV ) sample as containing a mixture of np and lp phases (powder X-ray diffraction at room temperature), which seems unlikely if the free energy difference between both phases is as large as 40 kJ·mol −1
. Our results, displayed in Figure 6 , indeed reveal a lp and np phase with a small free energy difference around 300 K. It should also be noted that the isotherm fitting methodology, as applied by Couck et al., leads to phases of the material which are not strictly corresponding with the lp and np phases defined in this work and should rather be viewed as intermediate states at possibly different volumes. 69 Liu et al. 40 determined the energy difference between both phases as previously mentioned by means of periodic DFT calculations at the PBE+D2 level. A free energy scan as a function of the pore opening angle was also performed, thereby detecting three minima (np, lp, and overstretched np phases). They carried out frequency calculations enabling the computation of free energies. The modeled free energy profiles indicated that only at 650 K or higher does the lp phase become the most stable phase. This method, however, relies on the harmonic approximation, which is probably not the best choice for an intrinsic anharmonic material such as a flexible MOF. Our MD simulations, which include anharmonic effects, show that the lp phase already becomes the most stable structure around room temperature.
The free energy profile of COMOC-2 gives clear evidence for two stable minima of the empty frame, which are very close in free energy (∼1 kJ·mol −1 per unit cell in favor of the lp) at room temperature. Over the whole temperature range, the free energy difference (ΔF = F lp − F np ) varies from 18 to −12 kJ· mol −1 per unit cell. This is the result of a complex balance between the amount of dispersive stabilization energy (favoring the np phase at low temperature) and the vibrational entropy (favoring the lp phase at high temperature). 48 However, COMOC-2 displays no reversible temperature hysteresis behavior in this temperature range, which was observed for MIL-53(Al), 47 because over the whole temperature range both phases remain minima of the free energy surface. The free energy profile also reveals a significant volume reduction of about 50% between the lp and np structures, which is exceptionally high. This volume reduction combined with a relatively high lp-to-np transition pressure indicates that COMOC-2 could potentially be an attractive shock absorber. 57 This is a consequence of a mechanically rigid lp phase due to the chemical nature of the vanadium chain and an increase of stabilizing dispersion interactions due to the extended BPDC linkers compared to the shorter BDC of MIL-47. The np phase displays positive thermal expansion (PTE) over the whole temperature range, while the lp phase has a more complex behavior (see Figure 7) .
The third material under study is COMOC-3, for which a very stable np phase is found in agreement with experiment 41 (see the right pane of Figure 6 ). In fact, the opposite behavior of MIL-47 is observed as both transition pressures are negative; hence, only a stable np state is obtained. Therefore, it is experimentally not possible to provoke structural transformations with a (positive) mechanical pressure as stimulus. This behavior can be understood by the predominance of stabilizing stacking interactions between two adjacent NDC linkers. The np-to-lp transition pressure is again temperaturedependent, but not as extremely as for COMOC-2 (see Figure  7) , and the structure displays PTE similar to the np form of COMOC-2.
A final property that can be derived from these profiles is the bulk modulus and its dependence on the temperature (see Figure 7 ), which has been studied for only a very limited number of MOFs. 53,102−104 Our simulations predict a MIL-47 bulk modulus of 3.6 GPa at 300 K, which remains constant between 200−400 K. This order of magnitude is consistent with the fact that MIL-47 is considered to be more rigid than the similar framework materials MIL-53(Al) and MIL-53(Cr), which have reported experimental bulk moduli of ∼0. 35 GPa 57 and ∼2 GPa 105 at room temperature. The np phase of COMOC-2 and COMOC-3 show bulk moduli which decrease with temperature, indicating a temperature-induced softening effect. This effect is the most pronounced for COMOC-2, where a decrease of the bulk modulus of almost 40% over a range of 300 K is found. Although the volume slightly expands, the bulk modulus of COMOC-2 in the lp form increases in the temperature range 200−400 K. However, it still remains the material with the lowest resistance against mechanical deformation, probably due to the fact it has the longest linker. 102 
CONCLUSIONS
We showed that the QuickFF 24 parametrization protocol is able to generate force fields for stimuli-responsive MOFs. Herein we presented a systematic set of first-principles-derived force fields for the MIL-47-type materials, which are able to describe all structural features, characteristic to this family of MOFs, with inclusion of the breathing behavior under pressure. For these materials, some specific terms were added to correctly describe the asymmetry of the vanadium-oxide chains. Their performance has been validated on existing experimental and theoretical data available for the MIL-47-type materials.
The Journal of Physical Chemistry C Article Subsequently, these force fields were used to study the structural flexibility of the empty framework. The three MIL-47-type materials all display a different behavior, which can be understood in terms of increasing stabilizing dispersion interactions from MIL-47 to COMOC-3. While MIL-47 only has a stable lp phase, which requires a high pressure to undergo a structural transformation, COMOC-3 resides in a very stable np phase. COMOC-2 is an intrinsic bistable MOF with lp and np minima, which are very sensitive to the temperature. The structural flexibility in empty MIL-47-type materials is thus determined by the host−host interactions, which is not so often encountered in other MOFs, as recently emphasized by Feŕey. 13 As the flexibility strongly differs between the different MIL-47-type materials, our results underline the diversity of properties accessible by selecting the appropriate building blocks. To conclude, before one can assess the use of these stimuli-responsive MOFs in applications, a thorough understanding of the breathing behavior is required. The approach followed here opens up new perspectives to screen a larger set of materials and to select frameworks which behave rather as nanosprings, shock absorbers, or dampers.
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